Abstract. Hepatitis B virus (HBV) infection and related liver complications remain severe public health problems worldwide. Previous investigations have shown that small interfering (si)RNAs can offer an effective strategy for the treatment of chronic hepatitis B. The present study aimed to develop a novel siRNA-delivering system of therapeutic HBV nuclear localization sequence (NLS) siRNAs using the recombinant preS1-truncated protamine (tP) proteins. The preS1 region of the LHB was used in place of scFv to construct the recombinant preS1-tP proteins, which were applied to deliver siRNAs targeting the HBV NLS to inhibit HBV replication and infection in HepG2. 
Introduction
Infection with hepatitis B virus (HBV), which usually causes chronic hepatitis B (cHB), is a cosmopolitan public health problem which is highly endemic and associated with a high mortality rate and heavy societal burden (1, 2) . A mortality rate of >1,000/year has been attributed to liver failure, liver cirrhosis and hepatocellular carcinoma caused by long-term HBV infection, which accounts for >15% of those succumbing to chronic diseases globally (2, 3) . Although the prevalence of HBV in certain highly endemic regions, including rural china, has shown improvement, the large absolute number of HBV-infected susceptible individuals in the population remains a potential threat (4) . Interferon and nucleoside acid analogs are the major therapeutic agents that have been used for the treatment of cHB by delaying disease progression, however, these are limited by severe drug resistance and relapse following drug withdrawal (2) .
The covalently closed circular dNA (cccdNA), which is formed in the liver cell nucleus following the binding of HBV with cellular receptors during HBV infection, functions as the main template for the replication of HBV particles and has been accepted as the main reason for the difficulty in HBV eradication (5, 6) . due to the persistence of viral cccdNA, which is transcriptionally active in the liver cell nucleus, lifelong therapy is required using antiviral drugs, which are currently unable to directly target the formation of cccdNA (7, 8) . The nuclear localization sequence (NLS) of HBV core protein can be recognized by and is associated with importin, thus having an important function in transferring HBV relaxed-circular serum dNA into the hepatocyte nucleus for cccdNA formation (9) . Small interfering (si)RNAs targeting HBV NLS can induce the degradation of mRNAs responsible for HBV core protein nuclear entry, and lead to the subsequent inhibition of cccdNA formation and HBV replication (10) , demonstrating the potential of HBV NLS siRNAs in the treatment of HBV infection. However, the effective inhibition of cccdNA formation by HBV NLS siRNAs depends on the specific delivery of interfering molecules into the infected hepatocytes. The entry of HBV into hepatocytes follows multiple steps, including the initial attachment of HBV to host cell surface proteoglycans, early entry following high-affinity binding by specific receptors, endocytosis-mediated internalization, and fusion with the cellular membrane (11) . Three HBV surface proteins are important for the entry processes, including the large HBV surface proteins (LHBs) which contain the preS1, preS2 and S regions, the middle surface proteins containing the preS2 and S regions, and the small surface proteins that comprise only the S regions (11) . Among these three characteristic regions in HBV surface proteins, the S and preS1 regions are reported to be important in HBV infection (11, 12) . The sodium taurocholate cotransporting polypeptide (NTcP) has been identified as the cellular entry receptor for HBV (13) , which has attracted increased attention regarding the molecular mechanisms underlying the entry steps of HBV infection. NTcP, also known as solute carrier family 10A1 (14) , was previously demonstrated to be a transporter in the hepatocyte basolateral membrane and function in conjugated bile salt uptake by hepatic cells (11) . Investigations have shown that NTcP can function as an HBV entry receptor by directly binding preS1-derived lipopeptide, which was supported by the close correlation between the expression of NTcP and HBV susceptibility in multiple cells, and the significantly enhanced HBV susceptibility conferred by the ectopic expression of NTCP in HepG2 cells (11, 13, 15, 16) . These findings suggest that hepatocytes modified to overexpress NTCP may be useful cellular models for the development and screening of novel anti-HBV targeting therapy. The specific interaction between preS1 and NTCP may be examined for the specific delivery of therapeutic agents into infected hepatocytes for targeting treatment.
Efficient delivery of HBV NLS siRNAs into HepG2.2.15 cells for HBV inhibition through novel recombinant preS1-tP proteins
Based on the roles of HBV surface proteins and cellular receptors in viral infection and disease progression, the specific delivery of siRNAs by the single chain variable fragment (scFv), which specifically recognizes HBV surface antigen (HBsAg), the specific antigen expressed on hepatocytes infected by HBV, has been shown as a promising approach for inhibiting HBV gene expression (17, 18) . The fusion protein containing scFv and truncated protamine (tP), which binds with DNA with high affinity (19) , can be internalized by HepG2.2.15 cells and effectively inhibit HBV gene expression by the siRNAs delivered by the recombinant proteins (17, 18) . However, the efficiency of such a delivery system may be limited by the neutralizing effect of abundantly existing HBsAg in the serum of patients with cHB. Therefore, in the present study, the preS1 region of the LHB was used in place of scFv to construct the recombinant preS1-tP proteins, which were applied to deliver siRNAs targeting the HBV NLS to inhibit HBV replication and infection in HepG2.2.15 cells overexpressing NTcP.
Materials and methods
Cell li n es a n d cu lt u re. T he Hep G2. 2.15 c el ls (cat. no. YB-ATcc-2242) and 293T cells (cat. no. cRL-3216™) were purchased from the Human American Type culture collection (Manassas, VA, USA), and cultured in dMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich; Merck KGaA, darmstadt, Germany), 2 mM L-glutamine, 100 mg/ml streptomycin and 100 mg/ml penicillin at 37˚C in 5% CO 2 . (20) . Briefly, the packaging procedure was performed by the co-infection of 293T cells with pGag/Pol (5 µg), pRev (5 µg) and pVSV-G (5 µg) supplied by Shanghai GenePharma co., Ltd. (Shanghai, china) following the protocol described by the manufacturer. The cell culture medium containing the recombinant virus was collected and transfected into HepG2.2.15 cells using lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. At 3 days post-infection, the HepG2.2.15 cells showing stable NTcP gene expression were screened using dMEM containing puromycin, as previously described (21) . The expression of NTcP in HepG2.2.15 cells was finally confirmed using fluorescence microscopy and reverse transcription-quantitative (RT-q)PcR analysis 10 days following the screening.
Generation of
RT-qPCR analysis. The relative mRNA levels of NTcP and associated genes were analyzed by RT-qPcR analysis in the present study. The cells were washed with PBS three times, and total RNA samples from the cultured cells were extracted using TRIzol reagent (cat. no. 15596018) in strict accordance with the manufacturer's protocol (Thermo Fisher Scientific, Inc.). The cDNA samples were then synthesized using random primers and the Prime Script RT Master Mix kit (cat. no. RR036a; Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. PcR was carried out in a 20 µl reaction mixture containing 7.5 µl GoTaq ® Green Master Mix (Promega corporation), 1.5 µl of cdNA, 1 µl of each primer, 9.0 µl nuclease-free water with the following conditions, 95˚C for 120 sec, followed by 40 cycles at 60˚C for 30 sec. The primer sequences were as follows, NTcP: Forward, 5'-AGG GAG GAG GTG GcA ATc AAG AGT GG-3', reverse, 5'-ccG GcT GAA GAA cAT TGA GGc AcT GG-3'; HBV: Forward, 5'-ccG TcT GTG ccT TcT cAT cTG c-3', reverse, 5'-Acc AAT TTA TGc cTA cAG ccT c-3'; GAPdH: Forward, 5'-GAG TcA AcG GAT TTG GTc GT-3', reverse, 5'-ccc AGT AGc AGT TCA GGT GG-3'. The gene expression level was finally determined by RT-qPcR analysis using the SYBR Select Master Mix kit (cat. no. 4472908; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. GAPdH was used as the internal control for gene expression level quantitation. At least three biological repeats and three technical replicates were performed for the statistical comparison of gene expression. Data were quantified using the ΔΔ cq method normalizing to GAPdH as reference genes, and further normalized to the lowest-expressing sample for comparison (22) . 5 cells/ml. The cells (~0.5 ml) were then mixed with the previously prepared RNAi duplex and Lipofectamine™ RNAiMAX mixture, mixed gently and incubated for 72 h at 37˚C with 5% CO 2 . The knockdown of the gene expression of NTCP was confirmed by RT-qPCR, followed by the analysis of HBsAg and HBeAg antigens through an enzyme-linked immunosorbent assay (ELISA). For the successful knockdown of gene expression, at least three biological and technical replicates were performed. The siRNA sequences used for suppressing the gene expression if NTcP are listed in Table I. ELISA. The expression levels of HBsAg (cat. no. KA0286) and HBeAg (cat. no. KA0290) antigens in the HepG2.2.15 cells stably expressing NTcP were determined by the ELISA method using the commercially available kits supplied by Novus Biologicals, Ltd. (cambridge, UK) following the manufacturer's protocol. The quantification of antigen levels was performed by measuring the absorbance at 405 nm using a microtiter plate spectrophotometer. At least three biological and technical replicates were performed for accurate quantification by statistical analysis.
Suppression of HBV by NLS siRNA.
Expression and purification of recombinant preS1-tP protein in Escherichia coli. The recombinant preS1-tP proteins were expressed and purified in BL-21 strains of E. coli (American Type culture collection, Manassas, VA, USA) using regular protein expression and purification protocols. Briefly, the preS1 region of the HBV surface protein was cloned using the PcR method. The PcR products of preS1 and tp dNA fragments were ligated into the p-GEX-6P-1 plasmids, which were used for the transformation of E. coli BL21 strains. Monoclones with the recombinant plasmid were then screened by culture in LB medium containing 34 µg/ml chloromycetin and 50 µg/ml ampicillin. The large-scale expression and purification of recombinant proteins were performed by overnight induction with 0.5 mM isopropyl β-d-thiogalactoside (IPTG) at 30˚C with agitation. The E. coli cells were collected by centrifugation at 8 x g over night at 37˚C and lysed by sonication. The supernatant was then purified by two rounds of affinity chromatography, and visualized using 12% SDS-PAGE electrophoresis.
Immunofluorescence. As a final examination of the functioning of recombinant preS1-tP proteins in delivering HBV NLS siRNAs, the NLS siRNA fragment was synthesized and labeled with cy3 fluorescent (cy3 siNLS), with a shNLS plasmid expressing red fluorescence protein also applied. Subsequently, 5 µg recombinant preS1-tP proteins were mixed with 150 pmol cy3 siNLS or 2 µg shNLS in 0.2 M Nacl for 30 min, and incubated with the HepG2.2.15 cells for 48 h. The entry of recombinant protein with glutathione S-transferase (GST) and His tags into hepatocytes was first determined by immunofluorescence using anti-His antibodies (cat. no. ab1187; Abcam, cambridge, UK). The HepG2.2.15 cells stably expressing NTcP were grown on plates, and covered with 2-3 mm 4% formaldehyde prepared with PBS solution for 15 min at room temperature. Following washing for 5 min with PBS solution three times, the cell plates were then blocked with 5% lipid-free milk solution for 1 h at room temperature, incubated with anti-His antibodies (diluted at 1:1,000) overnight 4˚C, rinsed three times with PBS for 5 min each, incubated with fluorochrome-conjugated secondary antibody (1:2,000; cat. no. ab205718; Abcam) for 2 h in the dark at room temperature, and rinsed again three times with PBS for 5 min each. Prolong ® Gold Antifade reagent with dAPI was then added (cat. no. 8961; cell Signaling Technology, Inc., danvers, MA, USA) overnight at room temperature. The existence of recombinant proteins in hepatocytes were finally determined using fluorescence microscopy.
Western blot analysis. The HepG2.2.15 cells stably expressing NTcP were washed three times with PBS, collected by centrifugation at 150 x g for 5 min at 37˚C, and then used for total protein extraction. Protein concentrations were determined using the Bradford method. The cells were lysed by incubating with RIPA buffer containing 1X Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, Inc.). Following boiling for 5 min at 100˚C in sample buffer (300 mM Tris-HCl, 1% SdS, 3.5 M β-mercaptoethanol, 5 mM PMSF and 6% glycerol and 0.05% bromophenol blue), the protein samples (40 µg) (Fig. 1B) . These results showed the successful establishment of HepG2.2.15 cells overexpressing the human NTcP gene, which were used for the development of a novel siRNA therapy for HBV in the following experiments.
Suppression of HBV replication and infection in HepG2.2.15 cells using HBV NLS siRNAs.
Previous studies have shown that HBV NLS siRNAs can effectively suppress HBV infection and replication in hepatocytes (17) . For the development of a novel HBV NLS siRNA delivery system using recombinant preS1-tP proteins, three pairs of HBV NLS siRNAs were designed, as described above. Subsequent to being transfected with these HBV NLS siRNAs, the total RNA samples of HepG2.2.15 cells stably expressing the NTcP gene were extracted and used for quantitative analysis of the mRNA expression of HBV. The results showed that the mRNA levels of HBV in the HepG2.2.15 cells stabling expressing HBV mRNA were markedly suppressed by the transfection with all three of the HBV NLS siRNAs ( Fig. 2A) . To confirm the replication of HBV in these HepG2. (Fig. 2B and c) . Among the three HBV siRNAs used in this screening, siRNA-3 exerted the most marked inhibitory effect on the activity of HBV in the HepG2.2.15 cells, and was used for the subsequent experiments.
Purification of recombinant preS1-tP proteins.
For the successful delivery of HBV NLS siRNAs into hepatocytes for the suppression of HBV infection and replication, the preS1 regions of the LHB gene and tp fragment were cloned separately, and then ligated to the p-GEX-6P-1 plasmids. The recombinant preS1-tP proteins tagged with GST were expressed in and purified from the E. coli BL21 strain. The results of SdS-PAGE showed that the recombinant preS1-tP proteins were expressed in E. coli BL21 cells by induction with IPTG at 37˚C, but not at 20˚C (Fig. 3A and B) . The significant protein band between the 35 and 45 kda protein markers indicated the GST-tagged recombinant preS1-tP protein (Fig. 3A and B) . The recombinant preS1-tP proteins were then expressed and purified on a large scale by affinity chromatography using glutathione-agarose and Ni sepharose (Fig. 3c) , which was then applied for the construction of a novel delivery system of HBV NSL siRNAs.
Recombinant preS1-tP protein entry into HepG2.2.15 cells and DNA binding.
For successful establishment of a novel delivery system of HBV NLS siRNAs, the entry of the carriers, the recombinant preS1-tP proteins in the present study, into the target cells and their high-affinity binding with host dNA are key steps. Therefore, the slides of HepG2.2.15 cells stably expressing the human NTcP gene were incubated with purified recombinant preS1-tP proteins overnight. The immunofluorescence assay using anti-His antibodies showed that the recombinant preS1-tP proteins had successfully entered into the HepG2.2.15 cells stably expressing NTcP (Fig. 4A) . For further verification of the recombinant protein entry into the HepG2.2.15 cells, total proteins of the cells incubated with the recombinant preS1-tP proteins overnight were extracted and subjected to an immunoblotting assay using anti-GST antibodies. The results of the western blot analysis also demonstrated entry of the recombinant proteins into the HepG2.2.15 cells (Fig. 4B and c) . However, the results of the immunofluorescence assay showed that the recombinant proteins were mainly distributed in the cytoplasm of the HepG2.2.15 cells. As a preliminary assessment of the capacity of recombinant preS1-tP proteins to bind host cell dNA, 1 µg short hairpin (sh) NLS plasmids were mixed with 0, 250 or 500 ng recombinant preS1-tP proteins, and then analyzed by electrophoresis. This also revealed the binding of recombinant preS1-tP proteins with shNLS plasmids in vitro (Fig. 4d) . Therefore, the results showed that the recombinant preS1-tP proteins were able to enter into the HepG2. (Fig. 5A) . To show the effect of siNLS and shNLS on HBV function in HepG2.2.15 cells, the mRNA levels of HBV in HepG2.2.15 cells were determined using the RT-qPcR method. It was observed that the HepG2.2.15 cells incubated with siNLS or shNLS exhibited significantly repressed mRNA levels of HBV, compared with the cells incubated with the recombinant preS1-tP proteins alone (Fig. 5B) . In addition, as demonstrated by ELISA, the levels of HBsAg and HBeAg were also markedly downregulated in the HepG2.2.15 cells, compared with the control (Fig. 5c and d) .
It was found that the HBV dNA content in HepG2.2.15 cells incubated with siNLS or shNLS was also markedly decreased, compared with that in the cells incubated with only the recombinant proteins (Fig. 5E) , showing the effect of preS1-tP protein-delivered NLS siRNAs in suppressing HBV replication. Finally, the levels of HBV cccdNA in HepG2.2.15 cells showed a similar decrease in the HepG2.2.15 cells induced by incubation with preS1-tP proteins and HBV NLS siRNAS (Fig. 5F ). Taken together, these results confirmed that the preS1-tP protein acted as the effective deliverer of HBV NLS siRNA for the inhibition of HBV infection and replication in hepatocytes. 
Discussion
Although the wide application of anti-HBV vaccines has significantly decreased the incidence of HBV infection, there were still >350,000,000 patients with cHB globally in 2016 (23) . The treatment and eradication of HBV infections have been limited by the unavailability of effective therapeutic drugs and methods to completely remove the cccdNA in the infected hepatocytes. Due to the significance of the human NTcP gene during HBV infection and entry, the establishment of hepatocytes with stable NTcP gene expression has been widely applied as a cellular model for the investigation of cHB pathology, and for the screening of therapeutic agents and methods for the treatment of HBV (11, 20, (24) (25) (26) . Guided by the same rationale, the present study used HepG2.2.15 cells expressing the NTcP gene to develop a novel method for delivering HBV NLS siRNAs into HepG2.2.15 cells. Previous studies have shown that the delivery of siRNA molecules through s fusion protein containing scFv and tP may be a novel method for the inhibition of HBV infection and replication, considering the improved specificity and promoted affinity (17, 18, 27, 28) . However, it is possible that the high level of existing HBsAg in patients with cHB may be a concern for the application of recombinant scFv-tP protein-mediated siRNA delivery in clinics, due to the interaction of asFV with the HBsAg. To avoid such a disadvantage in siRNA-mediated HBV treatment, the present study presented a novel anti-HBV siRNA delivery system using recombinant preS1-tP proteins, in which the preS1 region of the HBV surface protein was applied to replace the previous fragment of antibodies against HBsAg.
Based on HepG2.2.15 cells stably expressing the human NTcP gene and the characterized HBV NLS siRNAs demonstrating inhibitory effects on the mRNA expression of HBV and production of two specific antigens in hepatocytes, the present study continued with the novel delivery method by expressing and purifying the recombinant preS1-tP proteins in E. coli. The in vitro co-incubation assay showed that the recombinant preS1-tP proteins efficiently entered into the HepG2.2.15 cells, and showed binding of dNA molecules with a high affinity. Finally, it was shown that the recombinant preS1-tP proteins successfully carried the HBV NLS siRNAs into the HepG2.2.15 cells stably expressing the human NTcP gene, which resulted in inhibition of the mRNA expression of HBV, supported by significantly reduced HBsAg levels and cccDNA levels in the co-incubated HepG2.2.15 cells. Taken together, these experimental evidence demonstrated the potential of this recombinant preS1-tP protein-mediated siRNA delivery strategy in the clinical treatment of HBV and cHB.
Inspired by the rapid progress of siRNA-based anti-HBV therapies (23, 29) , the establishment of this novel delivery system with improved efficiency may also be applied for the treatment of HBV with a focus on the siRNA-mediated inhibition of other associated genes in addition to HBV NLS. Beneficially, a single siRNA is capable of silencing multiple HBV transcripts responsible for synthesis of the core protein, surface protein and polymerase, due to the compact structure of the HBV genome and the overlapping of HBV transcripts (23) . For example, Arrowhead ARC520, the first siRNA designed for HBV infection and cHB treatment to have entered clinical development, was shown to reduce the HBV dNA titer and suppress the expression of HBsAg, HBcAg and HBeAg by targeting the HBV genome sequence upstream to the core promoter site (30, 31) . However, the effect of ARc520 on inducing a reduction in HBsAg in HBeAg-negative humans and animals was relatively weak, compared with the HBeAg-positive counterparts. For the development of more efficient and effective siRNAs for the treatment of HBV, a number of novel siRNA programmes have been examined, including ARc-521, TKM-HBV, ALN-HBV and ISIS-HBV, and even locked nucleic acid (LNA) technology, which silences HBV transcripts using single-stranded oligodeoxyribonucleotides targeting mRNA molecules derived from HBV cccdNA (23) . The novel siRNA-delivering system developed in the present study, using the recombinant preS1-tP proteins as carriers, may also be promising if applied for the treatment of HBV and cHB using these siRNAs, including ARc520 and LNA technology.
As a preliminary innovation in siRNA delivery, the technology demonstrated in the present study is far from clinical application. For example, the specificity of the recombinant preS1-tP proteins in delivering inhibitory siRNAs into HBV-positive liver cells requires carefully assessment using both in vitro and in vivo models prior to its further development for clinical experiments. The present study was limited as the efficiency of such a siRNA-delivering system has not been verified in an animal model. Further confirmation using HBV and cHB animal models may produce more convincing data and a basis for its application in the clinical treatment of patients with cHB, with a focus required on the delivery specificity and safety.
In conclusion, the present study established HepG2.2.15 cells stably expressing the human NTcP gene as a cellular model for the development of a novel siRNA-delivering system for anti-HBV treatment. The recombinant preS1-tP proteins demonstrated capacity for carrying the HBV NLS siRNAs into the HepG2.2.15 cells, and subsequently resulting in the significant suppression of HBV replication, cccDNA formation and HBV-specific antigen expression. These results showed a promising and improved technique for the application of siRNA-based anti-cHB therapy, which may also inspire future innovation in the development of novel methods for HBV eradication and the treatment of cHB.
